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Abstract: Titanium alloy Ti6Al4V is a difficult-to-machine material which is extensively used in the 
aerospace and medical industries. Machining titanium is associated with a short tool life and low 
productivity. In this paper, a new cooling-lubrication system based on electrohydrodynamic 
atomization was designed, manufactured and tested and the relevant theory was developed. The 
major novelty of the system lies within the use of electrohydrodynamic atomization (EHDA) and a 
three-electrode setup for generating lubricant droplets. The system was tested and compared with 
that of flood, minimum quantity lubrication (MQL) and compressed air machining. The proposed 
system can extend the tool life by 6 and 22 times when compared with MQL and flood cooling, 
respectively. This is equivalent to more than 170 min tool life at 120 m/min cutting speed allowing 
for significant productivity gains in machining Ti6Al4V. 
Keywords: machining; minimum quantity lubrication; titanium; electrohydrodynamic atomization; 
end milling 
 
1. Introduction 
Grade 5 titanium alloy, Ti6Al4V, is the most used titanium alloy in industry and is extensively 
used in aerospace and medical implant applications. Ti6Al4V possesses high strength-to-weight 
ratio, high toughness and hardness as well as high corrosion resistance and biocompatibility [1]. It 
can maintain its mechanical properties at a wide range of temperatures, making it an ideal candidate 
for aerospace applications [2]. Together with poor thermal conductivity, these material properties are 
also responsible for making Ti6Al4V a difficult-to-machine material [3]. With its high strength and 
toughness, a large amount of energy is required during machining operations [4]. The majority of the 
energy used for material cutting transforms into heat at the cutting zone. Due to the short tool-chip 
contact length and poor thermal conductivity, high thermal loads and mechanical pressures are 
generated at the cutting zone. In machining titanium alloys, it is estimated that 80% of the heat is 
transferred into the cutting tool which can result in thermal softening and tribochemical wear leading 
to short tool life [5]. 
In order to control heat generation and dissipation in machining titanium alloys, low cutting 
parameters and abundant use of coolants/lubricants are recommended [5]. Cutting speed is the main 
factor affecting the cutting temperature. Opting for low cutting speeds results in low productivity 
and therefore, high manufacturing costs in machining titanium. 
Denkena et al. [4] investigated the effect of various cutting parameters and coolant flow rate on 
power consumption and tool wear when machining Ti6Al4V. Kirsch et al. [6] investigated the effect 
of sub-zero cutting fluid, consisting of water and ethylene glycol at −30 °C in turning Ti6Al4V. The 
analysis indicated that using sub-zero cutting fluids resulted in reduced cutting forces and tool wear. 
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Bermingham et al. [7] found that cryogenic cooling with liquid nitrogen can improve the 
machinability of Ti6Al4V. However, they noted that controlling heat generation is more effective than 
heat removal when using cryogenic cooling. Cryogenic cooling using liquefied gases has shown 
benefits in improving tool life and surface finish in the machining of various difficult-to-machine 
materials [8,9]. Kaynak and Gharibi [10] investigated the cryogenic turning of Ti-5553 alloy at various 
cutting speeds ranging from 30 to 210 m/min using liquid nitrogen and carbon dioxide cryogens. A 
maximum of 59% reduction in tool wear was reported when using liquid nitrogen at 210 m/min 
cutting speed in comparison with dry turning. 
Minimum quantity lubrication (MQL) has also gained significant attention as an alternative to 
conventional flood cooling [11,12]. Tanveer et al. [13] suggested using ultrasonic atomization for 
MQL turning of Ti6Al4V. Tascioglu et al. [14] investigated various cooling and lubrication methods 
for high speed turning of Ti-5553 titanium alloy at 90 and 120 m/min cutting speeds. They reported 
that MQL has minimal impact on tool wear and cutting temperature in comparison with dry 
machining. High pressure coolant (HPC) at 50 bar pressure followed by liquid nitrogen cryogenic 
machining resulted in the longest tool life. Hu et al. [15] investigated the tool-wear mechanism in 
machining Ti6Al4V alloy and noted that tool wear is initiated with adhesion followed by diffusion 
and oxidation. These weakened the cutting edge and led to chipping. Nano and micro particles such 
as carbon nanotube, aluminum dioxide and tungsten disulfide were introduced into the lubricants in 
order to enhance tribological and thermal properties of the lubricants in MQL [16,17]. Reddy et al. 
[18] used electrostatic solid lubrication MQL for drilling AISI 4340. They reported improved tool life 
and overall drilling performance. Huang et al. [19] modified an MQL system by introducing a wire 
inside a conventional MQL nozzle for the electrostatic charging of lubricant oil. With the cutting tool 
as the opposite electrode, this formed a two-electrode electrostatic spraying setup. They reported that 
significant improvements were achieved in terms of tool-wear reduction in turning AISI 304 
austenitic stainless steel. However, this setup is limited to low oil flow rates (10–20 mL/h) and the 
nozzle is not necessarily optimized. Similar method was used by Shah et al. [20] for electrostatic MQL 
turning of 15–5 PH stainless steel. In their setup, they delivered the lubricant oil through a copper 
tube into the MQL nozzle to enhance conduction charging of the oil. Huang et al. [19] reported that 
using electrostatic charging, finer oil droplets are generated for MQL applications. Electrostatic and 
electrohydrodynamic methods have been used in various industries for generating sprays of fine 
droplets for various applications such as inkjet printers [21,22], fuel injection [23], microfluidic 
systems [24] and, pharmaceuticals [25,26]. 
In this paper, a novel cooling and lubrication system has been designed and realized based on 
the electrohydrodynamic atomization for minimum quantity lubrication (EHDA-MQL) in order to 
investigate the viability of EHDA-MQL in end milling Ti6Al4V alloy. A new EHDA-MQL nozzle in 
combination with the governing theory for EHDA is described and tested in end milling of Ti6Al4V 
alloy using solid carbide tools at 120 m/min cutting speed. The performance of the nozzle is 
benchmarked against flood, compressed air machining and MQL using the same nozzle. The results 
for tool wear, tool life and power consumption are presented and discussed. 
2. Electrohydrodynamic Atomization Minimum Quantity Lubrication (EHDA-MQL) System 
A three-electrode setup was developed for EHDA of oil droplets in an MQL nozzle. The 
principle setup of the electrodes and the flow of oil and compressed air is shown in Figure 1. A nozzle 
with an exit orifice of 2 mm diameter was designed based on the physics of EHDA assisted with the 
flow of compressed air and manufactured by stereolithography 3D printing. In the setup, two copper 
electrodes (1, 2) were integrated inside the nozzle with cutting tool (3) acting as the third electrode. 
The distance between the electrodes inside the nozzle was 3 mm. Since air breaks at around 3e6 kV/m 
and in order to increase the intensity of the electric field between electrode 1 and 2, a polyurethane 
coated wire was used as the second electrode. The cathode and anode were connected to a high direct 
current (DC) voltage provided by a high voltage DC power supply with a maximum output voltage 
of 15 kV. A positive displacement pump was used to deliver the lubricant, rapeseed oil, into the 
nozzle. The oil is delivered at a flow rate of 280 mL/h and the oil pump was capable of providing 
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maximum 1 bar. Due to the pressure difference between the oil and air, lower flow rates could not be 
achieved by the positive displacement pump used. As shown in Figure 1, the oil is delivered through 
a central internal nozzle in contact with a copper electrode where it is mixed with pressurized air in 
an internal mixing channel. This results in initial atomization of the oil, forming droplets inside the 
nozzle. The oil is charged in contact with the copper electrode and is passed through the electric field 
established between the electrode 1 and 2. The oil is accelerated towards the nozzle’s exit due the 
drag force by pressurized air and the electrostatic force imposed on the droplets. Based on Andrukh 
et al. [27], the electrostatic force can be estimated by: 
𝐹𝑒 ≈ 𝑄𝐸 (1) 
where 𝐹𝑒 is electrostatic force, 𝑄 is the droplet charge and 𝐸 is the intensity of the electric field. 
As the oil enters the nozzle, droplets are formed in contact with pressurized air flow. The 
droplets are pushed towards the nozzle’s exit and move through the electric field established between 
electrodes. Surface charge is induced on the droplets passing through the electric field which can 
cause the droplets to disintegrate into smaller droplets as a result of Coulomb fission [28]. The flow 
of compressed air at 2 bar pressure and 44 L/min flow rate together with electrostatic force carries the 
atomized oil towards the cutting tool. The air pressure was chosen based on the limitations of the 
supply system. 
 
Figure 1. Schematic of Electrohydrodynamic Atomization Minimum Quantity Lubrication (EHDA-
MQL) nozzle and machining setup (not to scale). 
Governing Theory 
EHDA is a process of breaking up a fluid jet into finer particles using an external electric field 
[29]. It exploits the repulsion between similar charges and attraction between opposite electrical 
charges to generate liquid droplets and accelerate them from one electrode towards another. In a 
simple two-electrode setup, the nozzle serves as one electrode and the target as the second electrode. 
Each electrode is connected to the opposite sides of a DC generator. The lubricant oil in contact with 
the nozzle is charged and then accelerated towards the charged target electrode as shown in Figure 
2 [30]. The main weakness of the two-electrode setup is that effective atomization can only be 
achieved for very low liquid flow rates [23]. In a three-electrode setup, as used in this paper, an 
additional ring electrode is used between the nozzle electrode and the target. Both the ring electrode 
and the target are grounded which are used for charging and accelerating the droplets. In these 
systems, since the electrodes are not in contact with each other, a capacitance is formed between the 
electrodes. Pelesz and Czapka [31] developed the capacitance model for two- and three-electrode 
EHD systems as shown in Figure 2. 
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Figure 2. Capacitance model of a (a) two-electrode and (b) three-electrode EHDA setups with Cxy 
indicating capacitance between x and y [31]. N: Nozzle electrode, R: Ring electrode, D: Droplet, T: 
Target electrode. 
When a direct electric current is applied between two electrodes, the potential difference 
between the electrodes ionizes the molecules of air [32]. As a result of electrical potential difference, 
electrons are accelerated from the cathode towards the anode. In their path, the electrons collide with 
the molecules of air, releasing further electrons and ionizing the air. Electric charge is conducted to 
the oil in contact with the nozzle electrode. The electric field established between the electrodes 
induces surface charge onto the oil droplets as well as electrostatic force driving the oil towards the 
electrode with opposite charge [30]. 
If the intensity of the electric field between the electrodes becomes higher than the resistance of 
the air, undesirable electric discharge takes place, exacerbating the ionization condition. In 
atmospheric pressure, the intensity of the electric field can be controlled by the electric potential or 
the distance between the electrodes [33]. 
Therefore, the present system for EHDA-MQL has to work just below the breakdown voltage 
(VBK) which is the voltage above which electrical break takes place. This will ensure maximum electric 
field intensity between the electrodes. 
The breakdown voltage within the investigated parameters is governed by Paschens’ law [34] 
stating that the breakdown voltage (BDV) is a function of gas pressure (p) and distance between the 
electrodes (d). Paschen’s law is expressed as Equation (2) [35,36]: 
𝑉𝐵𝐾 =
𝐵𝑝𝑑
ln(𝐴𝑝𝑑) + ln [ln (1 +
1
𝛾𝑠𝑒
)]
 (2) 
where 𝑉𝐵𝐾  is the breakdown voltage in volts, 𝑝 is the pressure of the gas in pascals, 𝑑 is the distance 
between the two electrodes in meters, 𝐴 is the saturation ionization of the gas at a specific electric 
stress per pressure (𝐸/𝑃) and 𝐵 is an experimental constants based on gas excitation and ionization 
energies while 𝛾𝑠𝑒 is the second Townsend coefficient [37]. 
The presence of semi-dielectric oil droplets locally distorts the electric field and extends some of 
the electric field towards the surface of the droplets. Ions in the proximity of a dielectric droplet in 
the electric field are absorbed by the droplet’s field of polarization, increasing its charge [38,39]. 
The Pauthenier’s equation is a well‐established model explaining the charge for solid dielectric 
particles in an electric field [40,41]: 
𝑞(𝑡) = 4𝜋𝜀0 (1 + 2
𝜀𝑟 − 1
𝜀𝑟 + 2
) 𝑅2𝐸
𝑒𝑛𝑘𝑡
4𝜀0 + 𝑒𝑛𝑘𝑡
 (3) 
where 𝑞(𝑡) is the charge carried by the single particle at time 𝑡 in the electric field, 𝜀0 is the absolute 
permittivity, 𝜀𝑟 the relative permittivity of the material, 𝑟 the radius of the particle, 𝐸 the electric 
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field strength, 𝑒 the charge of an electron, 𝑛 the electron concentration, 𝑘 the electron mobility and 
𝑡 is the time the particle spent in the electric field. 
Based on Pauthenier and Moreau-Hanot [40] the saturation charge 𝑞𝑚𝑎𝑥  on a spherical droplet 
can be estimated using Equation (4) [42]: 
𝑞𝑚𝑎𝑥 =  4𝜋𝜀0𝑅
2
3𝜀𝑟
𝜀𝑟 + 2
 𝐸 (4) 
Inculet et al. [43] reported that droplet distortion can occur in electric fields and their charge can 
exceed the saturation charge specified by Pauthenier’s equation. The radius of a liquid droplet is 
dependent on the droplet’s surface charge and surface tension. Charge accumulated in a droplet 
concentrates on its surface. If the mutual repulsive force becomes larger than the surface tension, then 
droplets will undergo Coulomb fission and explode into smaller droplets [28]. 
The magnitude of the charge where the repulsive force becomes larger than the surface tension 
for a single droplet of a conductive fluid is modelled by Rayleigh [39] and the equilibrium charge 𝑞𝑅 
can be expressed by Equation (5). Rayleigh’s model was later validated for dielectric droplets [44]. 
𝑞𝑅 = 8𝜋√ε0ϑ𝐿𝑟𝑑
3 (5) 
where ϑ𝐿 is surface tension and 𝑟𝑑 is droplet radius. 
3. Methodology 
Experimental Setup 
The machining experiments consisted of end milling operation along blocks of Ti6Al4V α-β 
titanium alloy using coated solid carbide end mill cutting tools. 
As explained in Section 2, the EHDA-MQL nozzle was manufactured using stereolithography 
3D printing. The nozzle was held at 30° inclination angle parallel to the helix of the cutting tool and 
60° to the machining path in tangent to the cutting zone using a custom-made holder attached to the 
spindle of a 3-axis CNC vertical milling center with a 13 kW spindle and maximum 8000 rpm. The 
distance between the nozzle and the cutting zone was 20 mm. The setup is illustrated in Figure 3. 
Pure rapeseed oil was used as a lubricant due to its good lubrication and thermal properties whilst 
also being a sustainable and biodegradable material eliminating the environmental issues related to 
cutting fluids [45,46]. According to Smith [47], fluids with surface tension larger than 0.05 Nm−1 
cannot be atomized using EHDA method. The rapeseed oil used for this investigation has a surface 
tension of 0.0329–0.03383 Nm−1 [48] allowing for direct EHDA without a need for dilution with 
solvents. For the EHDA-MQL setup, air pressure at 2 bar and 44 L/m flow rate was used. This was 
the maximum pressure that the positive displacement pump used for oil could manage whilst still 
delivering oil into the nozzle. The workpiece was secured on the machine tool table using MicroLoc 
system. The machine tool table, cutting tool and the workpiece were connected to the ground as 
shown in Figure 3. Oil was sprayed on a silicon wafer using the new nozzle and the droplets were 
measured using a microscope. The comparison between the oil with EHDA-MQL and MQL are 
shown in Figure 4a,b, respectively. Image processing in Matlab was used to measure the radius of 
the droplets generated by EHDA-MQL (Figure 4c) and the probability histogram of the droplets were 
developed as shown in Figure 4d. The analysis indicated that the droplets generated using EHDA-
MQL have an average radius of 4.2 µm with a median of 3.4 µm. The analysis showed that 78% of 
the EHDA-MQL droplets have radius smaller than 4 µm. 
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Figure 3. EHDA-MQL setup for milling experiments (electrical insulation is removed from the nozzle 
to show the setup). 
 
Figure 4. Microscopic images of droplets generated by (a) EHDA-MQL and (b) MQL, (c) image 
processing and (d) probability histogram of the droplet radius generated by EHDA-MQL. 
The workpiece material used for the experiment was Ti6Al4V titanium alloy with average 
hardness of 285 ± 15 HV and dimensions of 50 mm × 50 mm × 150 mm. The experiments were carried 
out on a 3-axis vertical CNC machining center. The experiments were straight shoulder milling along 
the length of the titanium alloy workpiece using an end mill cutting tool. For each experiment, a new 
cutting tool was used. The cutting tools were 12 mm diameter and had 14° rake angle with 10°/23° 
primary and secondary relief angles and 30° helix angle. The tools had 5 flutes and were 
manufactured from EMT 100 solid tungsten carbide with cobalt binder and had TiSiN coating [49] 
with an average thickness of 5 µm. The cutting parameters were kept constant for all machining 
experiments as shown in Table 1. A high cutting speed of 120 m/min was used to accelerate tool wear 
in order to reduce material consumption for the experiments. Successful machining at this speed also 
allows for a significant increase in productivity in machining Ti6Al4V. Each experiment was at least 
duplicated. 
Four machining environments namely, (i) flood, (ii) air, (iii) MQL and (iv) EHDA-MQL, were 
investigated. Firstly, flood cooling with water soluble oil at 6% concentration was used to benchmark 
the tool life and surface roughness. The new nozzle was used for machining with compressed air at 
2 bar and tool wear, tool life and power consumption were monitored in machining Ti6Al4V. The 
MQL machining experiment was conducted using the exact same setup whilst also using rapeseed 
oil at 0 V (no EHDA). For EHDA-MQL test, the identical setup and nozzle were used by including 
both oil and EHDA. The breaking voltage of the EHDA-MQL system was experimentally found to 
be 12 kV by increasing the voltage from 0 V to 15 kV. When the electrical break voltage is reached, 
the voltage was reduced to just below the break voltage. This ensured maximum electrical intensity 
between the electrodes. For MQL and EHDA-MQL experiments, an oil flow rate of 283 mL/h was 
J. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 7 of 13 
 
used. This was the minimum flow rate that the positive displacement pump could provide. The 
position of the nozzle was maintained identical for compressed air, MQL and the EHDA-MQL to 
isolate the effect of the nozzle location. 
Tool wear, tool life and surface roughness were monitored for the experiments following ISO 
8688-2 [50] and BS EN ISO 4288 [51], respectively. The machining experiments were interrupted 
routinely and the tool wear was measured using a digital microscope. Surface roughness was 
measured using Taylor Hobson surface profilometer with a contact probe of 50 nm radius. The power 
consumption of the machine tool was measured during the experiments using Hioki 3169-20 
hardwired into the machine tool at 1 Hz frequency. The power used for material cutting was 
calculated by removing the machine tool power consumption in air cutting from the power 
consumption when cutting material. 
Table 1. Cutting parameters used for experiments. 
Cutting Parameter  Value (unit) 
Cutting speed vc 120 m/min 
Chip load fz 0.05 mm/tooth 
Spindle speed n 3183 rpm 
Feed rate vf 796 mm/min 
Axial depth of cut ap 3 mm 
Radial depth of cut ae 3 mm 
Machining environment  Flood, Air, MQL, EHDA-MQL 
4. Results and Discussion 
The results from flood cooling were used to benchmark tool wear and tool life. The new nozzle 
was used for compressed air experiments without oil and EHDA. The same nozzle and setup were 
used for MQL machining with oil. This indicates the contribution of oil lubrication on extending tool 
life and reducing power consumption. Moreover, an identical setup and nozzle was used for 
conducting EHDA-MQL machining experiments to clearly show the impact of EHDA on tool life and 
power consumption. The comparison between MQL and EHDA-MQL allows for the isolating of the 
effect of EHDA from that of MQL using the exact same setup, nozzle and lubricant. The tool wear 
was monitored throughout the experiments. As shown in Figure 5, the tool wear followed a similar 
pattern for all four machining environments. The tool wear grows rapidly at the start of the 
machining experiments reaching an average flank wear of 20–30 µm. This is then followed by slow 
growth until the coating is removed exposing the tungsten carbide substrate at about 100–150 µm 
flank wear. After this point, the growth rate increases significantly leading to rapid tool failure. Flood 
cooling resulted in the shortest tool life of 706 s with catastrophic failure closely followed by 
compressed air with 746 s tool life. 
 
Figure 5. Tool-wear growth against machining time for various cooling-lubrication systems. 
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In compressed air, 44 L/min of air at 2 bar pressure was targeted towards the cutting zone which 
translates to a speed of 233 m/s at the nozzle exit with 2 mm diameter. The comparison between the 
tool life using flood cooling and compressed air indicates that the cooling capacity of compressed air 
surpasses the lubrication and cooling performance of flood cooling using water miscible coolants. 
This can potentially be explained by the low pressure of the machine tool’s conventional flood 
cooling. At a high cutting speed, significant heat is generated at the cutting zone. In contact with hot 
surfaces, water-based coolant evaporates, forming a vapor barrier between the cutting zone and 
coolant due the Leiden frost effect [52]. In machining titanium, the cutting temperature is higher than 
the Leiden frost point of water [13]. Therefore, film boiling is the governing heat transfer mechanism 
[13]. Moreover, low pressure flood cooling system of the machine tool is aimed at flooding the cutting 
zone instead of penetrating the chip-tool contact area. Similar tool life for flood and air cooling has 
also been observed in the literature in the high-speed machining of Ti6Al4V [17]. 
The introduction of rapeseed oil into the stream of compressed air resulted in an improved tool 
life and reduced tool-wear growth. An average tool life of 2600 s was achieved when using MQL 
resulting in 229% and 268% increase in comparison with compressed air and flood cooling, 
respectively. The effect of rapeseed oil spray through compressed air can be categorized as (i) a 
reduction in heat generation and abrasion due to improved lubrication and reduced friction and (ii) 
improved heat removal due to evaporation and burning of oil at the cutting zone [17]. 
Within the first few machining passes, before the tool wear becomes significant, the power 
consumption was almost identical for Air and MQL. As soon as the coating is removed in the third 
machining pass and the substrate is exposed, the difference between power consumption in Air and 
MQL increases. This shows that the lubrication effect was minimal in the presence of the coating. 
However, when the substrate is exposed, the power consumption is 6% higher for Air than MQL. 
Assuming that 80% of the cutting energy transforms into heat, 4.8% less heat was generated in MQL. 
In addition, the existence of oil droplets in MQL enhances heat removal from the cutting zone further 
enhancing the machinability. 
Using EHDA-MQL, delivering atomized rapeseed oil droplets through a stream of compressed 
air into the cutting zone yielded the longest average tool life of 15,370 s. This is six times longer than 
that of MQL and 22 times longer than the tool life from conventional flood cooling. The average 
power consumption in the first 10 s of machining experiments was 17 VA lower than MQL machining 
environment indicating improved lubrication. Performing the z-test on the data indicated that the 
difference is statistically significant. This indicates improved lubrication at the start of the machining 
experiment with sharp tools. EHDA is proven to generate fine droplets [53,54]. Huang et al. [19] 
reported that electrostatic charging of oil results in finer oil droplets in MQL application. Smaller 
sized droplets can penetrate the cutting zone and potentially enhance lubrication. It is also known 
that finer droplets enhance heat convective heat transfer [17,55] which can improve heat removal 
from the cutting zone. 
The power consumption for material cutting was calculated from the difference between power 
consumption when cutting material and when cutting air. As shown in Figure 6, the power required 
for cutting material increases as the tool wear grows. Due to the unpredictable power rush when the 
coolant pump is started, fluctuating power measurements were noted for flood machining 
experiments which made isolating the power consumption for material cutting in flood experiments 
unreliable. However, the general increasing trend in power consumption as a result of tool wear was 
identified. The power consumption in compressed air, MQL and EHDA-MQL started at around 280 
W and gradually increased with the growth of tool wear. It reached the maximum of 554 W, 417 W 
and 452 W at the end of the tool life for air, MQL and EHDA-MQL, respectively. A statistical t-test 
was performed on the results, and it indicated a statistically significant difference between the power 
consumption for various experiments specifically at the start of the machining experiments where 
the impact of tool wear is negligible. 
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Figure 6. Power consumption for material cutting for various cooling-lubrication systems. 
In order to identify the impact of lubrication on machining whilst taking the effect of tool wear 
into account, the graph of tool wear against power consumption for each machining experiment 
together with relative trendlines was developed as shown in Figure 7. From Figure 7, it is clear that 
when tool wear is less than 60 µm, EHDA-MQL outperforms all machining environments in terms 
of power consumption. However, after this point, MQL registered the lowest power consumption 
based on tool wear. It can be observed that the lubrication effect of EHDA-MQL system is limited to 
specific conditions. In contrast, the improvements in tool life is potentially due to the improved 
cooling effect as a result of finer droplets generated through EHDA. Enhanced heat removal from the 
cutting zone, prevents thermochemical tool wear and potentially delays tool-wear growth. 
 
Figure 7. Power consumption against tool wear for various cooling-lubrication methods. 
Micrographs of the cutting tools were generated at the end of the tool life. Figure 8a–d illustrate 
the tool wear for various experiments at the tool nose whilst Figure 8e,f show the tool wear at the 
depth of cut for MQL and EHDA-MQL conditions. As shown in Figure 8a,b, the tool wear was 
distributed along the flank face of the tool in flood and compressed air environments. However, in 
MQL and EHDA-MQL, the tool wear was concentrated at the depth of cut as illustrated in Figure 
8e,f. The adhesion of the workpiece material and cutting chips was detected in all machining 
experiments. At high cutting speeds and temperatures, diffusion wear was observed. Similar 
observations regarding tool wear were also reported by Denkena et al. [4] in machining Ti6Al4V. The 
adhered material onto the rake face of the tool was removed by the flow of cutting chips resulting in 
crater wear. Crater wear close to the cutting edge was dominant in all machining experiments leading 
to chipping of the cutting edge. Hu et al. [15] reported that tool wear in milling Ti6Al4V was a 
combination of adhesion, chipping and diffusion. Minor oxidation was also noted. Adhesion and 
diffusion wear are commonly reported in machining titanium alloys [56]. 
J. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 10 of 13 
 
 
Figure 8. Cutting tool flank face at the end of tool life in each experiment. 
The introduction of rapeseed oil effectively delayed the adhesion and formation of crater wear 
in MQL and EHDA-MQL experiments. The EHDA of the rapeseed oil delayed chipping and adhesion 
wear for over 170 min into the machining experiments. Fine oil droplets were generated using EHDA-
MQL. It has been reported that finer droplets enhance heat transfer [55] and penetrability into the 
cutting zone [57]. An example of the timeline of tool wear and events leading to tool failure for 
EHDA-MQL experiments is shown in Figure 9. The tool wear was initiated with a chipping exposing 
the tungsten carbide substrate. At high cutting speeds and cutting temperatures, WC is vulnerable to 
chemical reaction with titanium workpiece material. This led to adhesion and subsequent crater wear 
formation. The crater is then filled with the workpiece material and built up edge (BUE). The BUE is 
removed with the flow of chips taking parts of the substrate leaving a larger crater and weakening 
the cutting edge. This is then followed by further chipping and loss of material on the flank face. 
 
Figure 9. Growth of tool wear in EHDA-MQL environment against machining time. 
A blunt cutting edge requires more power for material cutting, hence higher temperatures are 
generated at the cutting zone. A higher temperature results in increased chemical affinity between 
the workpiece and cutting tool material and reduces the material strength and hardness of the cutting 
tool. The power consumption was increased from 296 W at 10,292 s to 439 W at 15,371 s, an increase 
of 48%. The surface roughness was measured for all machining experiments and the average 
roughness was calculated. The surface roughness increased from 0.3 µm at the start of the 
experiments to 0.6 µm as the wear progressed for all experiments irrespective of machining 
environment. Performing the t-test, no statistically significant difference was detected between the 
measurements for surface roughness. 
This initial investigation indicated the potential and viability of EHDA for MQL machining of 
Ti6Al4V. Further investigations are necessary to establish the improvement mechanism and the 
impact of charge effect on machining performance. The analysis indicated the potential of EHDA in 
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generating fine lubricant droplets. However, further analysis is required to optimize and provide 
precise control over droplet dimensions and their impact on machining performance. Only a limited 
set of parameters both for the EHDA-MQL and machining experiments were used. A wider analysis 
is required to investigate the interactions between various parameters. Specifically, the impact of 
voltage, polarity, flow rate and pressure require further investigation and optimization. In addition, 
the distance and position of the nozzle from the cutting zone have significant effect on machining 
performance which will be investigated in future works. The underlying science of EHDA is 
provided in this paper. Further studies are required to refine these analyses for the specific MQL 
application taking into account the impact of pressurized air and drag through computational fluid 
dynamic analysis. 
5. Conclusions 
A new electrohydrodynamic atomization system for MQL lubrication and cooling was 
presented for machining Ti6Al4V alloy. The major novelty of the system is the use of a three-electrode 
setup aiming to enhance atomization of oil droplets. The EHDA-MQL system was manufactured and 
tested through a series of machining experiments. The performance of the system was benchmarked 
against flood cooling, MQL and air cooling using an identical setup to the EHDA-MQL system. The 
new EHDA-MQL is capable of generating fine droplets with median radius of 3.4 µm. The analysis 
indicated that the EHDA-MQL can extend the tool life as much as 6 and 22 times when compared 
with MQL and flood cooling whilst maintaining a similar surface roughness. The improved 
performance is attributed to enhanced heat removal due to fine droplets generated by EHDA, 
resulting in reduced tool-wear growth rate. The results provide promising potential for increased 
productivity through realizing higher cutting speeds for machining Ti6Al4V. 
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